MoS 2 , one of transition metal dichalcogenides (TMDs), has caused a lot of attentions for its excellent semiconductor characteristics and potential applications. Here, based on the density functional theory methods, we predict a novel two-dimension (2D) quantum spin hall (QSH) insulator in the porous allotrope of monolayer MoS 2 (g-MoS 2 ), consisting of MoS 2 square and hexagon. The g-MoS 2 has a nontrivial gap as large as 109 meV, comparable with previous reported 1T′-MoS 2 (80 meV), so-MoS 2 (25 meV). We demonstrate that the origin of 2D QSH effect in g-MoS 2 originates from the pure d−d band interaction, different from conventional band inversion between s−p, p−p or d−p orbitals. Such new polymorph greatly enriches the TMDs family and its stabilities are confirmed by phonon spectrum analysis. In particular, porous structure also endows it potential application in efficient gas separation and energy storage.
X2-GeSn, 19 GeX, 20 decorated stanene, 21 Bi 4 F 4 , 22 Bi 4 Br 4 , 23 BiX/SbX monolayers, 24 chloridized gallium bismuthide 25 and so on), are predicted to be new TIs. Even though some of the predicted QSH insulators 17, 22, 25 show large band gap enough for room temperature (RT) applications, all of them still have not been obtained experimentally. Therefore, desirable materials preferably with large bulk gaps are still lacking and deserve to be explored in experiment and theory for realistic RT applications.
MoS 2 , a typical example of the most studied transition metal dichalcogenides (TMDs), has attracted a lot of attention for its promising semiconductor characteristics and potential applications in in electronic, optical, 26 catalytic, 27 and lubricant properties. 28 Meanwhile, monolayer MoS 2 nanostructures exhibit even more intriguing properties, due to its intriguing properties by virtue of the quantum size effect, such as the strong photoluminescence, 29 moderation direct band gap (~1.8eV) 30, 31 and relatively high mobility rate 30 and high on/off ratio. 33, 34 Theoretical and experimental studies of monolayer MoS 2 have revealed its unlimited potentials for future applications in nanoelectronics.
Recently, the prediction of MoS 2 in the square-octagonal lattice (so-MoS 2 ) 35 Utilizing density functional theory (DFT) as implemented in the Vienna ab-initio simulation package (VASP), 42 we investigate the equilibrium structure, stability, and electronic properties of the predicted structure. All-electron projector augmented wave method 43 was used for the ionic cores and the generalized gradient approximation for the exchange-correlation potential. 44 The reciprocal space was sampled with 0.03 Å −1 spacing in the Monkhorst-Pack scheme for structure optimization, and denser k-point grids with 0.01 Å −1 spacing were adopted for electronic properties calculation. We used a mesh cutoff energy of 500 eV to determine the self-consistent charge density. All geometry structures were relaxed until the Hellmann-Feynman force on atoms is less than 0.01 eV/Å and the total energy variation is less than 1.0×10 −6 eV. The screened exchange hybrid density functional by Heyd-Scuseria-Ernzerhof (HSE06) 45, 46 was adopted to further correct the electronic structure. A vacuum space of 15 Å along the z direction was used to avoid interactions between adjacent layers. The phonon calculations were carried out by using the density functional perturbation theory (DFPT) 47 as implemented in the PHONOPY code 48 combined with the VASP.
To verify the stability of the system at elevated temperatures, the ab-initio molecular dynamic (MD) simulations were performed using the Nosé algorithm 49 in the NVT ensemble at 500K and 1000K
respectively. The VESTA software 50 was used for visualization and plot.
The novel plane MoS 2 akin to graphenylene ( Fig. S1c) , is composed of repeated special MoS 2 square and hexagon units (denoted as g-MoS 2 ). 51 The optimized g-MoS 2 contains two six-membered MoS 2 rings connected by a four-membered MoS 2 unit, crystallizing in the hexagonal space group, P6̅ m (no. 175), with a = b = 8.803 Å (Fig. 1a) . Such a g-MoS 2 holds three distinct Mo-S bond lengths varying from 2.39 Å to 2.46 Å to 2.47 Å (Fig. 1c) , revealing a severely structural distortion originated from the square-hexagon topology.
Similar to other monolayer MoS 2 , the g-MoS 2 layer with the covalently bonded S-Mo-S atoms has a Mo atomic plane layer sandwiched between two S atomic layers. All Mo atoms are hexa-coordinated octahedrally with six nearest neighbor S atoms. As illustrated in Fig. 1 , we have calculated the thickness of the monolayer g-MoS 2 by simply measuring distance between the top and bottom S atomic layers.
Compared to previous work, 35 the thickness of three MoS 2 allotropes, h-MoS 2 so-MoS 2 and g-MoS 2 , decrease from 3.13 to 3.12 to 3.11 Å, respectively.
To evaluate the stability of this structure, we first computed the formation energy with respect to isolated atoms, defined as below: (1) Where E total is the total energy of monolayer . After 5000 steps at 500 K, we found that there is no obvious structure destruction, and that the average value of total energy remains nearly constant during the whole simulation scale, confirming g-MoS 2 being at least thermally stable at room temperature.
The calculated band structure, presented in Fig. 1d , shows zero band gap with the valence band maximum (VBM) and conduction band minimum (CBM) touching at the Γ point. The shapes of the conduction and valence bands (VB and CB) are presented in Fig. 1e . The CB is flattened, while VB shows a considerable radian, indicating the coexistence of heavy electrons and light holes. The effective mass can be estimated by using the following equation at the bands extrema:
Our calculations show that the carrier effective masses are 8. To further quantify the contributions to CB and VB for g-MoS 2 , we have calculated the three main d orbitals contributions to VB and CB along K-M-Γ-K in the Brillouin zone. In Fig. 3a, we can see the VB and 
Where the δ(k i ) is the product of parity eigenvalues at the TRIM points, ξ = ±1 present the parity eigenvalues and N denotes the number of the degenerate occupied energy bands. For g-MoS 2 , the products of the parity eigenvalues at the Γ and M points are −1 and +1, respectively. It implies that the QSH effect can be realized with Z 2 topological invariant ν = 1 in g-MoS 2 monolayer.
In desirable QSH insulator, large nontrivial gap is one of the prerequisites for practical application in spintronics. To overcome the underestimation of band gaps by the PBE method, we recalculated the band structure of g-MoS 2 based on HSE06 funtional. 45, 46 Both PBE and HSE06 without SOC show the semi-metal feature with zero band gap. When applying SOC, the degenerated states at the touching point are lifted out (Fig. S5) , opening up an energy gap of 40 meV (PBE) and 109 meV (HSE06), much larger than the previous reported TIs materials in 1T′-MoS 2 (80 meV), 38 and so-MoS 2 (25 meV), 36, 37 showing superior performance than graphene, silicone and germanene with nontrivial gaps in the order of meV. 54, 55 The relatively large nontrivial band gap makes g-MoS 2 promising for practical application as a novel 2D topological insulator at room temperature (~ 30 meV).
Encouragingly, potential gas separation and purification applications in g-MoS 2 can be expected. It has been proved that MoS 2 nanosheet has a high affinity to selected gas species including H 2 , NO 2 and CO 2 due to high adsorption energy of these gas molecules onto the basal surface of MoS 2 . 56, 57 In g-MoS 2 , the special organization of six-and four-rings renders it is a 2D network with periodically distributed pores. The electron density isosurfaces of porous g-MoS 2 monolayer are calculated and shown in Fig. 3c , presenting an average pore diameter of 5.3 Å with a nummular shape via the method described by Song et al. 51 Such a diameter indicates that the porous MoS 2 can offer similar pore size distribution as silicalite, and may allow the separation of molecules (CO 2 , CH 4 , and O 2 ) based on the differences in diffusion speeds, like other porous materials. [58] [59] [60] This feature prompts porous nanosheet a promising material for gas separation and purification applications.
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Figure Caption e/Å). Zero of energy is set at the Fermi level.
